The neurochemical organization of the basal ganglia has been studied extensively with respect to neurotransmitters, neuropeptides, and their receptors. The chemoarchitecture of the striatum has been found particularly striking, because it distinguishes many substances by their relative distributions within the striosome and matrix compartments of the striatum. Very little is yet known about the differential distribution of second messenger systems in the basal ganglia, however, and no information is available about whether the distribution of second messenger systems is related to the prominent neurochemical compartmentalization of the striaturn. We have examined the distribution of the phosphoinositide second messenger system in the primate basal ganglia and substantia nigra, as detected with polyclonal antisera against the inositol 1,4,5-trisphosphate receptor (IP,R), and monoclonal antisera against phospholipase C @ (PLC@) and phospholipase C y (PLOy). In the striatum, immunostaining for each of the three proteins was present predominantly in medium-sized neuronal perikarya and in the neuropil. Circumscribed zones of enhanced IP,R, PLC& and PLCr immunoreactivity appeared in a background of generally weaker staining, and these zones corresponded to striosomes as identified by calbindin D,,, and substance P immunostaining in adjacent sections. Thus, the richest representation of the phosphoinositide system in the primate striatum appears to be in striosomes.
In the substantia nigra pars compacta, neurons and neuropil were immunopositive, but in the substantia nigra pars reticulata and in each segment of the globus pallidus, immunostaining was mainly confined to the neuropil. Perikaryal PCL-r immunoreactivity in the absence of detectable PLC/3 or IP,R immunolabeling was found in the magnocellular neu-rons embedded in the medullary layer between the putamen and the globus pallidus.
These observations demonstrate that the phosphoinositide second messenger system is selectively enhanced in neuronal subsystems of the basal ganglia, including striosomes, and suggest that signaling by phosphoinositide pathways elicits discrete effects on input-output processing by the basal ganglia.
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An important organizational principle of the basal ganglia involves differentiation of the neostriatum into compartments referred to as striosomes and matrix (Graybiel and Ragsdale, 1978) . Neurons in striosomes and matrix differ in their ontogeny as well as in their afferent and efferent connections. Neurons in striosomes mature earlier than those in the matrix, and the striosomal system receives dense inputs from prefrontal orbitoinsular parts of the cortex, whereas the matrix input predominantly originates in other regions including sensorimotor cortical areas (Fishell and van der Kooy, 1982; Gerfen, 1984; Graybiel, 1988, 1990; Flaherty and Graybiel, 199 1) . Striosomal neurons appear to receive their dopamine-containing input mainly from densocellular islands in ventral parts of the substantia nigra pars compacta (SNc) and to project mainly back to medial nigral regions. Neurons of the striatal matrix, by contrast, receive their dopamine-containing inputs mainly from other neurons of the nigral complex and project mainly to the external (GPe) and internal (GPi) segments of the globus pallidus (GP) and to the substantia nigra pars reticulata (SNr) (Graybiel et al., 1979; Gerfen, 1984; Donoghue and Herkenham, 1986; Gerfen et al., 1987; Jimtnez-Castellanos and Graybiel, 1987, 1989; GimCnez-Amaya and Graybiel, 199 1) .
Striosomes and matrix differ also in their content of neurotransmitters and receptors. For instance, striosomes are selectively enriched in limbic-associated membrane protein (LAMP) (Chesselet et al., 1991) , whereas the matrix is enriched in calbindin D,,,, AChE, ChAT, somatostatin, and tyrosine hydroxylase (TH). Opiate and dopamine D,-like receptors are enriched in striosomes, whereas dopamine D,-like and some muscarinic choline& receptors predominate in the matrix (Pert et al., 1976; Herkenham and Pert, 1981; Graybiel et al., 1986; Joyce et al., 1986; Besson et al., 1988 ; for a review, see ). There are also regional variations in these striosomel matrix distributions for individual transmitter-related markers (Graybiel and Ragsdale, 1978; Besson et al., 1990; Martin et al., 1991) and species differences as well.
This differential distribution of multiple neurotransmitterrelated elements in striosome and matrix compartments suggests functional specificity, but it is difficult to relate them to specific extrapyramidal functions (Albin et al., 1989) . Neurotransmitters, however, act through only a few second messenger systems, with the CAMP and phosphoinositide (PI) systems predominating, so what seems complex at the neurotransmitter level may be systematically ordered at the second messenger level. PI markers, such as the inositol 1,4,5-trisphosphate (IP,) receptor (IP,R) and protein kinase C (PKC), and markers of the CAMP system, such as 3H-forskolin binding, are differentially distributed in the brain with a number of complementary localizations (Worley et al., 1986a (Worley et al., ,b, 1987 (Worley et al., , 1989 . In the extrapyramidal system, PI markers occur in high densities in the corpus striatum and the SNr. The neuroanatomical distributions of phospholipase C (PLC) (Gerfen et al., 1988 ) PKC (Huang et al., 1988; Saito et al., 1988; Yoshihara et al., 1991) and IP,R Sharp et al., in press ) have been described in the rat brain, but these messenger distributions have not been mapped in primate, in which the striatum and substantia nigra are highly differentiated as compared to these regions in rat. In particular, the relationship of the PI system to the striosome and matrix systems has not been characterized.
In the present study we analyzed the distribution of immunoreactivity for IP,R and PLCP and PLCr in the primate basal ganglia and substantia nigra. We report that, in addition to a broad distribution of these PI markers in the basal ganglia, there is a selective enrichment of PI markers in striosomes of the striatum.
Methods
Tissue preparation. Six rhesus monkeys (Macaca mulatta), two cynomolgus monkeys (Macaca.fascicuZaris), and two squirrel monkeys (Suimiri sciureus) were perfused transcardially, under deep anesthesia, 'with 0.1 M phosphate-buffered saline (PBS), pH 7.4, followed by 4% paraformaldehyde (PF) in 0.1 M PBS with or without 5% sucrose. The brains were removed immediately, blocked in coronal planes, postfixed overnizht in 4% PF in 0.1 M PBS. and crvonrotected in 20% elvcerol. 0.1 M PBS for 24-48 hr. Blocks containing ihe basal ganglia ind substantia nigra were frozen and cut on a sliding microtome at 40 wrn into 50 mM T&-buffered saline (TBS; pH 7.4). Serial floating sections were processed for immunohistochemistry.
Antisera Affinity-purified polyclonal IP,R antisera were produced in rabbits and in a goat immunized with purified IP,R, as described elsewhere (Supattapone et al., 1988; Peng et al., 1991; Sharp et al., in press ). Mouse monoclonal antibodies for PLCP and PLCy were gifts from Dr. S. G. Rhee, and those for calbindin D,,,, for TH, and for substance P were purchased from Sigma, Boehringer Mannheim, and Sera Lab, respectively. Antiserum against met-enkephalin was kindly contributed by Dr. R. P. Elde or purchased from Incstar. For both Western blot analysis and immunohistochemistry, the following dilutions of antisera were used: IP,R, 1:500; PLC@ and PLCr, 1:200; calbindin D,,,, 1: 1000; TH, 1:200; substance P, 1: 1000; met-enkephalin, 1:2000.
Western blotting. To test the selectivity of the IP,R, PLC& and PLCr antisera in the monkey brain, Western blot analysis was carried out. Briefly, samples of frozen monkey forebrain were homogenized, and their protein content was assayed using Pierce BCA reagent.-Equal quantities of protein were subjected to SDS-PAGE using 7.5% polyacrylamide gels, and the separated proteins were transferred to Immobilon-P membranes. The blots were pretreated with 3% bovine serum albumin (BSA) in TBS for 2 hr before an overnight incubation at 4°C with IP,R, PLC& and PLC-y antisera (dilutions: 1:500, 1:200, 1:200, respectively) with 3% BSA in TBS. The blots were then washed three times for 20 min each with 3% BSA in TBS, and were incubated with horseradish peroxidase-linked secondary antibodies ( 1: 1500) for 1 hr at room temperature. After three washes of 10 min each in TBS, the blots were developed using 4-chloro-1 -naphthol as the substrate.
Immunohistochemistry. All steps were carried out in TBS and immunostaining for each antiserum was performed under the following conditions. Serial transverse sections were perrneabilized in 0.4% T&on X-100 for 30 min and pretreated for an additional 30 min in 4% normal goat serum (NGS) or, for sections to be incubated in goat IP,R antiserum, in normal rabbit serum (NRS) or, for sections to bc incubated in PLC& PLCr, or calbindin D,,,, in normal horse serum (NHS) containing 0.1% Triton X-100. They were then incubated overnight in primary antiserum (see above for dilutions) containing 2% NGS (or 2% NRS for IP,R or 2% NHS for PLCP, PLCr, or calbindin D,,,), 0.1% Triton, and 0.02% sodium azide at 4°C.
After three washes of 10 min each in TBS, sections were incubated with biotinylated secondary anti-goat or anti-rabbit antibodies (1:200) (ABC elite kits of Vector Laboratories, Burlingame, CA) in 0.1% Triton X-100 at room temperature for 1 hr. Sections were washed 3 x 10 min in TBS and incubated in an avidin-biotin-peroxidase complex (1:50) for 45 min. Finally, they were washed (3 x 10 min) and developed in the presence of 0.02% hydrogen peroxide with diaminobenzidine as the chromogen. Sections were rinsed thoroughly and mounted on subbed glass slides, dehydrated, and coverslipped with Permount. Striosomes were identified as zones with few neurons expressing calbindin D,,, or enkephalin, or by enrichment in substance P-like immunoreactivity.
Controls for immunocytochemical staining for the IP,R antibody were prepared by preadsorbing with excess (loo-fold) IP,R protein.
Control sections for antisera to PLCP, PLCr, calbindin D,,,, TH, substance P, and met-enkephalin were prepared by incubating sections in the appropriate pre-immune serum, respectively.
The density of immunostaining for IP,R, PLC& and PLCy was arbitrarily assigned value based on visual inspection of sections from all immunostaining experiments, with the highest densities being assigned a value of 5 and the lowest densities a value of 0.
Results
Characterization of immunoreactivityfor IP,R, PLCp, and PLCr.
For immunohistochemical localization of IP,R, we employed two antisera, raised in rabbit and in goat, against IP,R protein purified from rat cerebellum (Supattapone et al., 1988; Sharp et al., in press ). Both of these antisera have been shown to react selectively and with considerable potency with IP,R protein in a range of vertebrate species including salamander, rat, guinea pig, monkeys, and humans (Peng et al., 199 1) . PLCP and PLCr were detected with murine monoclonal antibodies prepared against the two forms of PLC purified from bovine brain (Ryu et al., 1987) . These antibodies have been shown to bind selectively to PLC/3 and PLCr in rat brain (Gerfen et al., 1988) .
In Western blots of rhesus monkey forebrain extracts, the goat antiserum to IP,R stained one band at about 260 kDa, corresponding to the known molecular weight of IP,R monomers (Supattapone et al., 1988) (Fig. 1 ). Similar staining with the rabbit antiserum marked an identical 260 kDa band (data not shown). The monomers for PLCp and PLCr are about 145-150 kDa (Ryu et al., 1987) . Western blot analysis of the same monkey forebrain extracts with monoclonal antibodies against these two enzymes showed single prominent bands at about 145-150 kDa.
To establish the validity of the IP,R immunohistochemical staining, we incubated some sections with IP,R antiserum preadsorbed with IP,R protein. The preadsorption eliminated immunostaining almost completely (Fig. 2B) . Immunostaining of rat brain with the monoclonal antibodies to PLCP and PLCr employed here has been shown to be eliminated by preadsorption with the corresponding proteins (Gerfen et al., 1988) . We observed no immunoreactivity for PLCP and PLCy control in sections incubated in preimmune mouse serum (Fig. 2D,F) . IP,R, PLCp, and PLCy distributions in the striatum. Im- Figure 1 . Characterization of immunoreactivity for IP,R, PLC& and PLCr by Western blot analysis of rhesus monkey forebrain extracts. Antisera against IP,R, PLC& and PLQ recognize single bands with approximate molecular weights of 260 and 150 kDa, respectively, corresponding to molecular weights of IP,R and PLC proteins. munostaining for IP,R, PLC& and PLCy appeared in the caudate nucleus, putamen, and ventral striatum in each of the monkey brains. Immunostaining with each of the antisera appeared in both the neuropil and cell bodies (Figs. 3, 4 ; Table 1 ). The abundance and appearance of the IP,R-, PLCp-, and PLCyimmunoreactive cells suggested that these proteins were mainly in medium-sized neurons of the striatum. Immunostaining for PLCP tended to be stronger than that for PLCr (Figs. 2, 3) as noted also by Gerfen et al. (1988) in the rat. The ventral striatum expressed higher levels of immunoreactivity for each of the proteins than did the dorsal striatum (data not shown). In some monkeys, the immunostaining within the caudate nucleus tended to be highest medially (data not shown).
In the caudate nucleus especially, immunostaining with all three antisera was distinctly inhomogeneous (Figs. 2-4) . Variably shaped patches of elevated staining were distributed through rostra1 and dorsal parts of the nucleus. Comparisons among nearly adjacent sections showed that the zones of heightened immunostaining for IP,R, PLC& and PLCy were spatially aligned 
Data show a distinct pattern of distribution of IP,R, PLC@, and PLCy immunoreactivity in the primate basal ganglia. In striatum and SNc, IP,R, PLC& and PLCy am present in both perikarya and neuropil. With the exception of the presence of PLCy immunoreactivity in cell bodies of SNr, the immunoreactivity for these three proteins is limited primarily to the neuropil of striatal target nuclei, GPe, GPi, and SNr. Also, PLCr, but not PLC@ or IP,R, immunoreactivity occurs in magnocellular neurons of the intralaminar layer between striatum and GP (see Fig. 8 ). Throughout the basal ganglia, PLCfi immunoreactivity is denser, in any given area, than IP,R and PLCy, while PLCy immunoreactivity is weaker, though more widespread, than IP,R and PLCj3. In this table, based on visual inspection of all immunostaining experiments considered together, the highest and lowest densities of stainings are arbitrarily assigned values of 5 and 0, respectively.
with each other (Fig. 2) . These zones of enriched immunostaining were most reliably identified with the PLQ3 antiserum, with which immunostaining was most robust (Figs. 2, 4) . Immunostaining for IP,R, PLC& and PLCy was also inhomogeneous in the putamen and ventral striatum, although the zones of heightened immunoreactivity were less discrete than those observed in the caudate nucleus. To determine whether the zones enriched in these PI immunomarkers were aligned with striosomes in the caudate nucleus, we compared their locations with those of calbindin-poor zones (rhesus monkeys), substance P-enriched zones (rhesus monkeys), or enkephalin-poor zones (cynomolgus monkey, squirrel monkeys; data not shown) known to correspond to striosomes (Graybiel and Chesselet, 1984; Gerfen et al., 1985; Martin et al., 1991) . As demonstrated in Figures 3 and 4 (and data not shown), there was close spatial correspondence between the striosomes and the regions expressing enhanced IP,R, PLCP (Figs. 3,4) , and PLCy (data not shown) immunoreactivity. This was true both in the more medial parts of the caudate nucleus and in the middle and lateral parts of the nucleus. For some of the zones, the IP,R immunostaining seemed more intense in the peripheral parts of the striosomes. Some of the dorsal PIenriched zones were bordered by thin rims of reduced staining (Fig. 2) . These variations were not always noticeable, but the stronger neuropil staining of the striosomes compared to nearby matrix was always pronounced in well-stained sections.
IP,R, PLCP, and PLCr immunostaining appeared in numerous neuronal cell bodies of medium size (Figs. 4C, 5 ), including large numbers of medium-sized spiny neurons. The number of immunostained cell bodies appeared similar in the striosome and matrix compartments with the IP,R, PLCp (Figs.  3,4) , and PLCr (data not shown) antisera. The relative enrichment of IP,R, PLCP, and PLCy staining within the striosomes seemed primarily associated with staining of the neuropil. With this general enhancement of the staining intensity, we could not determine whether, in addition, the immunostaining of individual perikarya was also enhanced.
IP,R, PLCP, and PLCy immunostaining in the substantia nigru and GP. In the substantia nigra, IP,R immunoreactivity Earlier immunohistochemical localization of PLCp and PLCr was dense in the neuropil of both SNc and SNr (Fig. 6) . In SNc, in the rat's substantia nigra demonstrated staining for both enweak IP,R-like immunoreactivity was also visible in many perizymes in neural perikarya in SNc and in fibers in SNr. Some karya (Fig. 7) . The distribution and sizes of the IP,R-positive neurons in SNr were stained for PLCy but not PLC@ (Gerfen cells were similar to those of neurons immunostained for TH et al., 1988) . In the primate substantia nigra, large numbers of (Fig. 7) . These observations suggest that IP,R may occur in all neurons in SNc were immunopositive for PLCP (Figs. 5-7, Taor most all of the dopamine-producing neurons of the SNc, as ble l), but staining for PLCy was only slightly above background well as in nigra neuropil, especially in SNr (Table 1) .
(data not shown). In SNr, immunostaining for both enzymes was abundant in the neuropil, but evidence for weak cellular immunostaining was only seen with the PLC& In the GP, staining for IP,R, PLC& and PLCr was present in both segments and largely confined to the neuropil (Fig. 8 , Table 1 ). Although immunostaining within GP appeared similar with the three antisera, the fiber lamina separating GP from striatum showed different staining for PLCP, PLCr, and IP,R (Fig. 8, Table 1 ). Very little staining in cells or neuropil was apparent in sections stained for IP,R or PLCS (Fig. 7A,B) . By contrast, the fibrous layer contained abundant PLC+mmu-nopositive large neurons and neuropil. There were no PLCypositive cells detectable in the fiber layer between GPe and GPi.
Discussion
The major finding of this study lies in the differential striosomematrix localizations of markers of the PI system, IP,R and two isoforms of PLC. These three proteins, as judged by immunohistochemistry, occur in both striosomes and matrix, but are more strongly expressed in striosomes than in most parts of the matrix. The differences in staining intensities mainly seem to reflect differences in the neuropil, which may reflect an enrichment of these proteins in subsets of dendritic spines and/or presynaptic axonal terminals. This compartmental difference in the representation of a major second messenger system in striosomes and matrix strongly reinforces the idea that these compartments are distinct functional entities in the striatum.
The general cellular patterns of immunostaining for PLC& PLCr, and IP,R in the primate basal ganglia appear similar to those in the rat; that is, these proteins are mainly within medium-sized neurons. They also are in accord with the distributions of mRNAs for these proteins in the rat brain (Ross et al., 1989; C. A. Ross et al., unpublished observations) . PLCS and IP,R tend to be strongly represented, whereas PLCy is detectable in lesser amounts (Gerfen et al., 1988; Ross et al., 1989) . The main difference between monkey and rat in the distributions of these PI cycle markers lies in the striosomal compartmentalization of these proteins in the monkey striatum. No such compartmentalization has been detected in the rat brain (Gerfen et al., 1988; Sharp et al., in press ; M. Fotuhi, T. M. Dawson, and S. H. Snyder, unpublished observations). A similar sharpening of neurochemical compartments from rat to monkey (and to human) has been reported previously for many striatal transmitters and receptors (a notable exception being p-opiate receptors as detected by ligand binding) and may reflect the increased specialization of subgroups of striatal neurons with respect to their connections and/or functions (Graybiel and Ragsdale, 1983; Martin et al., 1991) .
Regional variations in a number of other neurotransmitter- related substances in the striatum have been observed previously in many species (see, e.g., Graybiel and Ragsdale, 1983; Besson et al., 1988; Chesselet et al., 1991; Martin et al., 1991) . In some monkeys we also noted regional variations, in that the medial and ventral parts of the striatum showed substantially greater intensities ofimmunostaining for IP,R, PLC& and PLQ than the lateral parts. What might be the functional significance of the selective distribution of the PI system in the striatum? The largest neuronal input to the striatum is composed of fibers from the cerebral cortex, which release glutamate or a closely related amino acid. Glutamate can interact with metabotropic receptors linked to the PI system and with ionotropic receptors of NMDA and AMPA/kainate subtypes (see Miller, 199 1, for a review). Conceivably, the greater density of immunoreactivity for PI markers in striosomes reflects an association with postsynaptic metabotropic glutamate receptors or other G-protein-coupled receptors. Interestingly, a difference in ionotropic glutamate receptor representation in striosomes and matrix has recently been reported on the basis of ligand binding autoradiography (Dure et al., 1992) . Autoradiographic localization of the metabotropic glutamatergic receptors is not readily performed by direct ligand binding, and the molecular cloning of this receptor has only recently been published (Houamed et al., 1991; Masu et al., 199 l) , so the striosome-matrix disposition of its corresponding mRNA or immunoreactivity remains unknown. The striatal regions with heightened immunoreactivity for the PI system could also coincide with specializations in cortical or other regions projecting especially strongly to the striosomes.
The differential representation of PI markers in the striosomes clearly could also reflect the distribution of nonglutamatergic receptors. More than 20 different cell membrane receptors are known to be linked to the PI system (Chuang, 1989) . Many such neurotransmitter and neuropeptide receptors including substance P are abundant in the striatum and have compartmentalized and regionally graded distributions . In fact, considering the variety of PI-linked receptors in the striaturn, it is of particular interest that PI markers are not uniformly distributed. Their differential representation suggests that the actions of a number of receptor types may converge on the same second messenger system. These compartmental patterns of distribution of PI markers may also be significant in relation to the distribution of other second messenger systems. In the rat, complementary localizations in the brain have been noted for adenylyl cyclase monitored by 3H-forskolin binding, for PKC by 3H-phorbol ester binding, and for IP,R by 3H-IP, binding (Worley et al., 1986a) . Recently, we have localized adenylyl cyclase catalytic activity by a novel histochemical stain, and have observed selectively high concentrations in the matrix (M. Fotuhi, T. M. Dawson, A. Verma, and S. H. Snyder, unpublished observations). Thus, the CAMP and PI systems may both be differentially distributed across the striosome-matrix system of the striatum, and their distributions may in part be complementary.
The expression of PI-associated proteins by neurons and processes in the striatum and substantia nigra may in part reflect interconnections between these regions. Neurons in striosomes are thought to project mainly to SNc, or at least to the medial part of the substantia nigra. The axon terminals of striosomal cells may contribute to the limited amount of neuropil staining for IP,R, PLCp, and PLCr present in SNc. Neurons of the matrix project preferentially to GP and SNr, and it is likely that Figure   5 . Cellular distribution of immunoreactivity for IP,R, PLCp, and PLCr (A, B, and C, respectively) appear abundantly in mediumsized striatal neurons. The immunostaining with each antiserum is also present in the neuropil. PLC@ staining (B) is substantially more intense than that of IP,R or PLQ. Scale bar, 20 pm.
the PI marker-rich neurons of the matrix are associated with the IP,R-, PLCP-, and PLCy-positive terminals fields in these regions. Finally, the immunostained neurons in SNc are likely to be dopamine-containing cells, as their appearance is similar to that of TH-immunostained cells in adjacent sections. Terminals from these neurons presumably could contribute to the neuropil in the striatum that is immunopositive for IP,R, PLC& and PLQ.
In most of the regions we examined, the relative patterns of staining for IP,R, PLCp, and PLCr were quite similar. The one striking exception was in the fiber layer between the putamen and external pallidum, where substantial staining for PLCy appeared in magnocellular neurons, but where there was only negligible staining for PLCp or IP,R. This difference was particularly notable, because the intensity of PLC@ staining exceeded Figure 6 . IP,R and PLCB immunostaining in substantia nigra. In SNc, IP,R and PLCD are present in virtually all neurons, and these have distributions similar to those of TH-positive neurons in a nearby section (C). However, the characteristic ventrally extending TH-positive dendrites of SNc neurons lack appreciable staining in sections treated with IP,R and PLC@ antisera (4 and B, respectively). C, SNc; R, SNr. Scale bar, 100 pm. that of PLCy in almost all regions of the basal ganglia proper. The discrepancy highlights the heterogeneity within the extrapyramidal PI second messenger system. Previous immunohistochemical studies in the rat have displayed marked regional differences in the distribution of subtypes of PKC (Huang et al., 1988; Yoshihara et al., 1991) and some differences between patterns of PLCB and PLCr immunostaining (Gerfen et al., 1988) . Subtypes of IP,R derived from alternative splicing (Danoff et al., 199 1; Nakagawa et al., 1991) or from distinct genes (Sudhof et al., 1991; Ross et al., 1992) are not equally represented in all brain regions. It will be interesting to learn whether different subtypes of IP,R also are differentially distributed in the basal ganglia and allied nuclei. If so, some of the selective staining patterns we have observed could be related to such differences in receptor subtype expression.
